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RESEARCH ARTICLE
Single-click beam patterns suggest dynamic changes to the field
of view of echolocating Atlantic spotted dolphins (Stenella
frontalis) in the wild
Frants H. Jensen1,2,*, Magnus Wahlberg3,4, Kristian Beedholm5, Mark Johnson6, Natacha Aguilar de Soto6,7 and
Peter T. Madsen5,8
ABSTRACT
Echolocating animals exercise an extensive control over the spectral
and temporal properties of their biosonar signals to facilitate
perception of their actively generated auditory scene when homing
in on prey. The intensity and directionality of the biosonar beam
defines the field of view of echolocating animals by affecting the
acoustic detection range and angular coverage. However, the spatial
relationship between an echolocating predator and its prey changes
rapidly, resulting in different biosonar requirements throughout prey
pursuit and capture. Here, we measured single-click beam patterns
using a parametric fit procedure to test whether free-ranging
Atlantic spotted dolphins (Stenella frontalis) modify their biosonar
beam width. We recorded echolocation clicks using a linear array
of receivers and estimated the beam width of individual clicks
using a parametric spectral fit, cross-validated with well-established
composite beam pattern estimates. The dolphins apparently
increased the biosonar beam width, to a large degree without
changing the signal frequency, when they approached the recording
array. This is comparable to bats that also expand their field of view
during prey capture, but achieve this by decreasing biosonar
frequency. This behaviour may serve to decrease the risk that rapid
escape movements of prey take them outside the biosonar beam
of the predator. It is likely that shared sensory requirements have
resulted in bats and toothed whales expanding their acoustic field of
viewat close range to increase the likelihood of successfully acquiring
prey using echolocation, representing a case of convergent evolution
of echolocation behaviour between these two taxa.
KEY WORDS: Echolocation, Directionality, Biosonar, Perception,
Toothed whales, Prey capture
INTRODUCTION
Echolocation has evolved in species as diverse as cave birds,
microchiropteran bats and toothed whales (Griffin, 1958; Schevill
and McBride, 1956). In contrast to other sensory modalities such as
vision or olfaction, echolocation depends on the production of a
signal that travels through the environment and is reflected by
objects, resulting in returning echoes that are subsequently detected
and processed by the echolocating animal (Griffin, 1958). The
acoustic field of view of echolocating predators is defined as the area
ahead of the predator that is ensonified sufficiently to produce
audible echoes (Jakobsen and Surlykke, 2010) and is given by the
angular coverage, termed the beam width, and the intensity or range
of the sonar. The beam width and intensity of emitted signals
depend on their spectral and temporal properties and on the acoustic
behaviour of the echolocating animal (Moss and Surlykke, 2001).
There is increasing evidence that bats and toothed whales exhibit
significant control over their biosonar (Jakobsen and Surlykke,
2010; Johnson et al., 2008; Moore et al., 2008; Wisniewska et al.,
2012) and it is likely that they actively control the perception of their
surroundings through changes in biosonar signals and biosonar field
of view (Moss et al., 2011).
Biosonar signals are characterised by signal parameters that
include source level, duration, centroid frequency, bandwidth and
three-dimensional beam pattern. The source level and beam pattern
are of prime importance as they define the functional range and
spatial coverage of the biosonar system (Madsen et al., 2007; Urick,
1983). The source level (SL, in dB re. 1 µPa at 1 m for underwater
applications) is the sound pressure level measured on the acoustic
axis of the biosonar beam at a reference distance of 1 m from
the source (Urick, 1983). The directivity index (DI, in dB) is the
difference between the source level of the source in question and
the source level of a hypothetical omnidirectional transducer
radiating the same acoustic power (Urick, 1983). As the biosonar
intensity drops off with increasing off-axis angle, the half-power
beam width is defined as the angle at which the source level
intensity has decreased to half (−3 dB) of the on-axis intensity.
Whereas the DI is important when discussing sound production
efficiency, the beam width is a more relevant parameter for
understanding how the biosonar system performs in clutter.
Focusing the sound energy into a narrow beam restricts the
detection of objects to a narrow cone along the axis of the sound
beam by increasing their returning echoes and by simultaneously
reducing the echoes generated by objects further away from the
axis of the biosonar beam. Directional emission of echolocation
signals therefore narrows the acoustic field of view of the
echolocating animal, facilitating target detection and discrimination
within a restricted area and improving long-range biosonar
performance through a higher on-axis source level (Madsen and
Surlykke, 2013).
The beam width of a biosonar system depends on the dimensions
of the sound-producing structure and the frequency of the emitted
sound so that an increased signal frequency or an enlargedReceived 4 November 2014; Accepted 23 February 2015
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transmitter aperture will result in a narrower biosonar beam
(Urick, 1983). The product of the wave number k and the
transducer radius a, given as ka=(2π/λ)×a, is a useful parameter
defining the relationship between the effective transducer aperture
and the radiated wavelength λ (Au, 1993), with higher directionality
achieved through a higher ka number. This means that animals can
increase their biosonar beam width by either (1) decreasing the
frequency of their outgoing sonar signals, or (2) reducing the
effective size of the transmitting aperture (Au, 1993).
The amount of control that echolocating animals have over their
biosonar beam is remarkable. Microchiropteran bats producing
frequency-modulated echolocation signals reduce call amplitude,
frequency content and bandwidth during the foraging buzz (Kalko,
1995). Given the relationship between frequency and directionality,
this means that microchiropteran bats modify their biosonar
directionality and field of view dynamically during prey pursuit
and capture by changing biosonar frequency rather than aperture
size (Jakobsen et al., 2012; Jakobsen and Surlykke, 2010).
Echolocating delphinids studied so far also demonstrate some
control over their biosonar beam. Trained delphinids are capable of
changing the source level (Moore and Patterson, 1983), frequency
content (Moore and Pawloski, 1990) and directionality (Au et al.,
1995) of their biosonar signals, and they control their field of view
further by steering the beam direction and by controlling the width
of the biosonar beam (Finneran et al., 2014; Moore et al., 2008).Most
of these adjustable properties may be linked to changes in biosonar
frequency, and it is possible that, like in bats, control over the biosonar
field of view is primarily a by-product of frequency control. However,
a recent study has suggested that trained harbour porpoises may
increase their biosonar beam width at close range without concurrent
changes in signal frequency (Wisniewska et al., 2012). Whether
delphinids modify their beam shape strictly through changes in
frequency, as in bats, or use changes in the size or shape of their
sound-producing structures to further modify their acoustic field of
view remains uncertain, and changes in biosonar beamwidth have yet
to be documented from free-ranging animals.
Here, we tested whether free-ranging Atlantic spotted dolphins
(Stenella frontalis Cuvier 1829) can modify the width of their
biosonar beam using a new method capable of estimating the beam
width of individual clicks from vertical hydrophone array
recordings. We demonstrate that echolocating Atlantic spotted
dolphins seem to increase their field of view when they approach the
recording array, and that a significant part of the beam width
increase must relate to changes in the functional radiation aperture
of the melon. Expanding the biosonar field of view at close range
may help prevent rapid prey escape responses from taking the prey
out of the acoustic field of view of the approaching predator. Our
results suggest that both spectral changes to biosonar clicks and
morphological changes to the sound generator may contribute to
these biosonar dynamics.
RESULTS
We investigated the biosonar field of view using two methods.
First, we developed a method for estimating the composite
biosonar beam pattern for a series of on-axis echolocation clicks
recorded on a one-dimensional array. Second, we then estimated
the beam width of individual clicks using a parametric fit
based on a circular piston model and the amplitude spectra of
on-axis clicks recorded across off-axis hydrophones, and we
cross-validated these estimates with the composite beam width
estimate. Finally, we used the parametric spectral fit for
estimating the field of view of individual echolocation clicks to
show that beam width changes as a function of distance from the
receiver array, and that these changes are caused in part by changes
in frequency, and in part by morphological changes of the sound
emitter.
List of symbols andabbreviations
a transducer radius
DI directivity index
EPR equivalent piston radius
Fc centroid frequency
HPBW half-power beam width
k wave number
Qrms root mean square quality factor
SL source level
SSE sum of squared error
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Fig. 1. Beam pattern can be accurately estimated using a linear array.
Mean beam pattern estimate of a Reson TC2116 transducer emitting a
50 kHz signal (A) and a Reson TC2130 transducer emitting a 150 kHz signal
(B) as measured with a 4-hydrophone array. The on-axis sound intensity
and angle of incidence from the acoustically localised source to each
receiver were estimated through a second-degree polynomial fit (see
Materials and methods). The sound intensity relative to the on-axis intensity
is plotted against the angle of incidence for each of four receivers recording
the same click (squares, colour-coded according to click number). A circular
piston model with an aperture minimising the root mean square (rms) error
of received sound intensity on a logarithmic decibel scale (log method)
was fitted to the data (dark grey line) and 95% confidence intervals for the
fit were calculated using a bootstrap method with 2000 replicates
(dark grey dashed lines). The known calibration curve of the transducer
is overlaid for comparison (light grey line). Note the non-Gaussian error
distribution.
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Composite beam pattern estimation and method validation
Test trials with two calibrated transducers emitting directional
signals were conducted. During both test trials, the transducer was
turned gradually along an axis parallel to the axis of the hydrophone
array to simulate the click scans of S. frontalis and other species of
toothed whales that have been recorded with a linear, vertical array
(e.g. Madsen et al., 2004).
To estimate the accuracy of the composite beam pattern, two
variants of the same procedure were evaluated. Both variants
provided reasonable estimates of the beam width (Fig. 1). The
traditional error model resulted in negatively biased errors of −19%
to −8% beam width estimates, whereas the logarithmic error model
resulted in smaller errors of −4% to −1% beam width estimates
(Table 1).
Composite beam pattern estimates were surprisingly robust to
low sample sizes. Equivalent piston radius (EPR) confidence
intervals were consistently wider during simulations with few on-
axis clicks, but the mean EPR was highly stable (Fig. 2). The
traditional error model for fitting the piston yielded consistently
higher EPR estimates (narrower beam width) compared with the
logarithmic error model (Table 1, Fig. 2). However, this bias was
relatively small, of the order of less than half a degree. A similar
evaluation of the impact of sample size on data fromAtlantic spotted
dolphins revealed that EPR estimates recorded with a 6-element
hydrophone array were muchmore robust to low numbers of on-axis
clicks, probably because each click was measured across a larger
part of the biosonar beam (Fig. 2).
Source parameters of S. frontalis biosonar clicks
A total of 1035 clicks including 28 on-axis clicks were recorded
from wild S. frontalis. Of these, 19 clicks were recorded within
20 m, with the dolphins milling around the array and often moving
in to investigate it. The clicks were typical broadband delphinid
echolocation signals (Au, 1993) characterised by short duration and
high amplitude (Fig. 3A), with a high centroid frequency and broad
bandwidth (Fig. 3B) that corresponds well with the short duration
and dominant period in the signal waveform.
The source parameters of these oceanic dolphins were
characterised by mean back-calculated apparent source level (±1
s.d.) of 209±4.7 dB re. 1 µPa peak–peak, corresponding to 200±
4.6 dB re. 1 µPa root mean square (rms) over a −10 dB envelope
time window. The maximum estimated source level was 216 dB re.
1 µPa peak–peak, corresponding to 207 dB re. 1 µPa rms (Table 2).
The spectral parameters reflected the broadband nature of these
biosonar clicks. Centroid frequency averaged 86±9.0 kHz and
centralised rms bandwidth averaged 33±2.7 kHz, resulting in an
average quality factor (Qrms) of 2.6 (Table 2).
Using 19 on-axis S. frontalis clicks recorded within 20 m, the
logarithmic error model estimated an EPR of 5.0±0.2 cm
(mean±s.e.m.) with confidence intervals of 4.6–5.4 cm (Table 1)
for a −3 dB beam width of 10.3 deg in the vertical plane (assuming
dolphins were swimming dorsal side up, which seemed to be the
predominant swimming orientation for animals near the surface),
and a composite DI of 25 dB (bootstrap confidence interval
24.4:25.9 dB) (Table 3). The composite vertical beam pattern and
confidence intervals estimated using the logarithmic fitting
procedure is shown in Fig. 4.
Estimates of beam width for individual clicks are necessary to
understand whether free-ranging animals shape their biosonar beam
to different needs. An estimate of the EPR for each click was derived
from the parametric spectral fit (Fig. 5). The EPR was 5.0±0.3 cm
(mean±s.e.m.), with 95% confidence intervals calculated using the
percentile bootstrap method of 4.5–5.6 cm (Table 3). These results
were cross-validated with the results from the composite beam
pattern estimates, and the two methods corresponded well with each
other (Table 3).
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Fig. 2. Beam pattern estimates are robust to low sample size. Estimated
equivalent piston radius (mean ±95% bootstrap confidence intervals) as a
function of the number of on-axis clicks (ranging from 2 to the total sample size
N in increments of 2) included in the piston fitting procedure. Individual clicks
recorded on a 4-channel (A) or 6-channel (B) hydrophone array were sampled
with replacement from the total population of on-axis clicks (A: N=23, B: N=19)
and a piston fitting procedure implemented as described in Materials and
methods. Means and confidence intervals were calculated using 500 bootstrap
replicates. Note that the baseline for theStenella frontalis dataset (grey dashed
line in B) is based on the best-fitting pistonmodel using the full sample size and
logarithmic error model, not on the actual (and unknown) equivalent piston
radius (EPR).
Table 1. Validation of composite beam width estimation
Traditional
error model
Logarithmic
error model Correct
TC2116 transducer (50 kHz) N=23 N=23
EPR (cm) 6.95±0.14 6.47±0.11 6.40
6.63–7.15 6.28–6.73
−3 dB beam width (deg) 12.7 13.7 13.8
12.4–13.4 13.2–14.1
TC2130 transducer (150 kHz) N=12 N=12
EPR (cm) 3.11±0.16 2.60±0.09 2.50
2.75–3.29 2.50–2.79
−3 dB beam width (deg) 9.86 11.8 12.2
9.29–11.1 11.0–12.3
Values are given as means±s.e.m. (calculated as the s.d. of the bootstrap
distribution of means), with 95% bootstrap percentile confidence intervals
below. The third column of data represents known values from calibration
transducers.
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The parametric fit revealed that the directionality of the biosonar
clicks produced by S. frontalis changed with range from the
recording array. The EPR, and hence the beam width of the animal,
correlated significantly with the range of the animal to the
hydrophone array (linear regression: R2=0.31, F17=7.7, P=0.013,
EPR=0.16r+3.15, where r is radius). There was also a significant
negative relationship (best fitting slope of −0.06 Fc, where Fc is
centroid frequency) between EPR and click Fc in kHz (linear
regression: R2=0.35, F17=9.0, P=0.008) as would be expected from
a relationship between directionality and frequency. We therefore
calculated the difference between observed half-power beam width
and expected half-power beam width (given constant EPR and
measured Fc of each click), and a negative correlation with range
persisted (linear regression: R2=0.26, F17=6.04, P=0.02).
DISCUSSION
Echolocating animals exercise a remarkable control over the
spectral and temporal properties of their biosonar signals (Kalko
and Schnitzler, 1993; Moore et al., 2008; Moore and Pawloski,
1990). Dynamic changes to the acoustic field of view (Jakobsen
et al., 2013; Wisniewska et al., 2012) may help echolocating
animals inspect their surroundings or lock on to specific targets,
shaping the perception of their surroundings via changes in the
acoustic gaze (Moss, 2010; Moss et al., 2011). Here, we show that
wild Atlantic spotted dolphins seem to increase their vertical
biosonar beam width by 50% over a fourfold decrease in range.
Expanding the acoustic field of view during approach, and
especially during prey capture, is likely to be important to ensure
that prey remains within the acoustic field of view despite rapid prey
avoidance reactions at close range.
Vertical arrays provide a robust quantification of the
composite biosonar beam pattern and the beam width of
individual clicks
Measuring the biosonar field of view of free-ranging echolocating
animals is challenging and requires the use of extensive receiver
arrays, acoustic localisation algorithms and conservative on-axis
criteria (Madsen and Wahlberg, 2007; Surlykke et al., 2009).
Composite beam patterns, defined as the mean beam pattern of a
large series of clicks (Au et al., 1986), have been measured for
multiple toothed whale species using linear vertical hydrophone
arrays (Kyhn et al., 2010, 2009; Wahlberg et al., 2011a,b), but the
errors inherent in this estimation procedure have never been
addressed. We show here that the composite beam pattern of
toothed whales, quantified as the mean EPR and corresponding
biosonar beam width, can be reliably estimated using small sample
sizes of on-axis biosonar signals derived from echolocation scans in
the wild (Fig. 1) where clicks that are on-axis in the horizontal plane
are identified using strict selection criteria. Using a modified fitting
procedure from previous studies, beam pattern estimates using a
vertical array are both accurate, with 1–4% mean errors compared
with known source transducers (Fig. 1), and relatively precise, with
95% confidence intervals of the composite DI spanning 1.5–2.0 dB
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Fig. 3. Stenella frontalis echolocation clicks. (A) Waveform of the four
echolocation clicks of highest amplitude. Waveforms (sample rate 500 kHz)
were upsampled (×10 low-pass interpolation), phase aligned and normalised
to the largest pressure excursion for easier comparison. (B) Individual log-
transformed power spectra (black lines) and mean S. frontalis energy
distribution (grey dashed line) derived from all on-axis echolocation clicks.
Power spectrawere constructed using a 320-point fast Fourier transform based
on a 32-point (64 µs) window (resulting in ×10 sinc interpolation) centred on the
peak envelope of each click. Note that the flatness of the mean energy
distribution is partly a result of differences in peak frequency between clicks,
whereas individual power spectra exhibit much more spectral variation.
Table 2. Source properties of echolocation clicks from Atlantic (Stenella frontalis) and Pantropical (Stenella attenuata) spotted dolphins
Tenerife, Canary Islands* Bahamas‡ Oahu, Hawaii§
Species S. frontalis S. frontalis S. attenuata
Array type 6-hydrophone vertical 4-hydrophone star 4-hydrophone star
ASLpp (dB re. 1 µPa) 208.8±4.7 (max. 216) (max. 223) 212±5
ASLrms (dB re. 1 µPa) 199.6±4.6 (max. 207) – –
ASLefd (dB re. 1 µPa
2 Hz−1) 150.6±4.3 (max. 158) – 150±4
Dur−10 dB (µs) 12.8±2.6 – 43±15
Fp (kHz) 78.3±31.0 – 69.4±31.3
Fc (kHz) 85.6±9.0 67.2±25.5 83.4±16.8
BWrms (kHz) 33.1±2.7 36.4±11.0 38.7±6.7
BW−3 dB (kHz) 91.1±18.9 – 79.8±35.9
BW−10 dB (kHz) 128.3±8.5 – –
Qrms 2.6±0.2 – –
N 28 1277 314
*This study; ‡Au and Herzing, 2003; §Schotten et al., 2004.
All values are means±s.d.
ASL, apparent source level; pp, peak–peak; rms, root mean square; efd, energy flux density; Dur, envelope duration; Fp, peak frequency; Fc, centroid frequency;
BW, bandwidth; Q, quality factor; N, sample size.
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for the sample sizes used here (Table 1). Given the narrow sonar
beam of most toothed whales, studies of beam pattern from wild
animals often result in a small number of on-axis clicks (Jensen et al.,
2013; Madsen et al., 2004; Wahlberg et al., 2011b). The beam pattern
estimates were surprisingly robust to small sample sizes of on-axis
clicks for artificial transducers (Fig. 2A) and quick convergence for
delphinid signals (Fig. 2B), such that a small sample size will yield a
realistic estimate of the biosonar beam width as long as the array
covers a substantial part of the biosonar beam.
While composite beampattern estimatesmay facilitate comparisons
of biosonar field of view between species or populations, they are
insufficient when addressing causes of variation in the biosonar beam
within a dataset. To test whether free-ranging toothed whales such as
Atlantic spotted dolphins modify their biosonar beam in the field, we
derived an instantaneous estimate of the EPR for individual clicks
basedon predictable spectral changes (Au, 1993) at increasing off-axis
angles (Fig. 5). Cross-validation with the composite beam pattern
estimates obtained by fitting a circular piston model with the log-
arithmic error model indicates that the beam pattern for individual
clicks reliably quantifies the biosonar field of view in the plane of the
array (Table 3). Thus, using themethods developed here, it is possible
to obtain estimates of the beam pattern of individual clicks, assuming
axial symmetry, with a one-dimensional array, and to start teasing
apart the underlying mechanisms for variations in the acoustic field of
view. However, given the assumptions of axial symmetry and reliance
on criteria to identify on-axis clicks in the horizontal plane, two-
dimensional planar arrays should be employed where feasible to
quantify close-range fine-scale beam patterns.
Free-ranging Atlantic spotted dolphins may increase
biosonar field of view at close range
The directionality of biosonar signals allows echolocating animals to
detect prey at greater range while reducing the impact of clutter from
other nearby but off-axis objects. The broadband biosonar clicks
produced byAtlantic spotted dolphins are characterised by a composite
DI of 25 dB (Fig. 4), which is very similar to that reported for other
similar-sized marine toothed whales (Au et al., 1978; Koblitz et al.,
2012; Kyhn et al., 2010; Rasmussen et al., 2004; Wahlberg et al.,
2011a). Echolocating toothedwhales ranging in size across three orders
of magnitude have all evolved highly directional biosonar signals with
DIs of 23–32 dB (Koblitz et al., 2012; Madsen and Surlykke, 2013). It
has been hypothesised that high directionality has been an important
evolutionary driver for high echolocation frequencies in toothedwhales
(Koblitz et al., 2012), driven by the need for a long-range biosonar
system in the marine environment (Jensen et al., 2013; Madsen and
Surlykke, 2013). However, while a long biosonar detection range can
be advantageous when searching for prey in the open ocean, it may
pose other challenges when capturing prey at close range.
Table 3. Directional properties of Atlantic spotted dolphin (Stenella
frontalis) echolocation clicks
Method
Logarithmic error
(composite)
Parametric fit
(instantaneous)
EPR (cm) 4.99±0.21 5.00±0.27
4.63–5.42 4.51–5.56
−3 dB beam
width (deg)
10.28
9.43–11.09
−10 dB beam
width (deg)
22.95
21.07–24.78
DI (dB) 25.1
24.4–25.9
N 19 19
All values given as means±s.e.m., with 95% bootstrap confidence intervals
below.
Symmetrical −3 dB and −10 dB beam width was estimated from the beam
pattern of the best fitting circular piston model transmitting an on-axis Stenella
frontalis biosonar click.
The composite directionality index (DI) was calculated as 20 log10(ka)
(Madsen andWahlberg, 2007), where k is the wave number and a is the radius
of a circular piston.
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consisting of the hydrophone recording the highest source level and the two neighbouring hydrophones. (A) Apparent source level difference relative to the
estimated on-axis source level is shown as a function of angle of incidence (black squares). A pistonmodel (dark grey line) corresponding to an on-axisS. frontalis
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Two recent studies have measured changes in the echolocation
beam shape and field of view as a function of target range, reaching
very different conclusions. Kloepper et al. (2012) reported that a
false killer whale, trained to discriminate between objects using
echolocation, decreased its biosonar beam width by 8% when
discriminating between targets at 2.5 m compared with those at 7 m.
Even though this change seems counter-intuitive (decreasing SNR
at long range where task discrimination is more difficult), the small
magnitude of change is unlikely to have an impact on sensory
performance. In contrast, harbour porpoises trained to approach
and discriminate between two targets showed an increase in beam
width at close range with more profound sensory implications
(Wisniewska et al., 2012).
Here, we show that Atlantic spotted dolphins seem to increase their
biosonar beam width by almost 50% (−3 dB beam width from 8 to
12deg)when approaching the recording arraywith a fourfold decrease
in range (Fig. 6). The sample size of our study was very low and it is
likely that a simple linear regression is a poor approximation of how
animals modify their acoustic gaze, especially when confronted by
live, mobile prey rather than stationary recording arrays. Further lab
and field experiments should be performed to verify these results and
to tease apart the nature of the relationship between beam width and
range under different environmental conditions and sensory
challenges. However, the increased field of view at short range is
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comparable to the increasing field of viewof trained harbour porpoises
(Wisniewska et al., 2012) and bottlenose dolphins (Finneran et al.,
2014). This indicates that both phocoenids (family Phocoenidae,
using narrow-band high-frequency signals) and delphinids (family
Delphinidae, using broadband biosonar signals) employ a dynamic
biosonar beam that allows them to expand their field of view
when approaching objects or prey animals, and that these sensory
adaptations seem to be important for animals in the wild.
Conformational changes in the melon and surrounding air
sacs may help modify the acoustic field of view
independently of changes in biosonar frequency
The functional morphology of the structures associated with sound
production in toothed whales is highly diverse (Cranford et al.,
1996). Echolocation signals in delphinids seem to be produced at
the right pair (Madsen et al., 2013b, 2010) of sound-producing
phonic lips (Norris and Harvey, 1972) and are then guided through
the dorsal bursae and the fatty tissue of the melon (Cranford et al.,
1996). Early studies suggested that the melon functioned as an
acoustic lens to concentrate the sound beam (Wood, 1964). It has
been suggested that there is an acoustic focal point in front of the
melon where the acoustic rays converge (Kloepper et al., 2012) but
this hypothesis does not take into account that the sound source
itself is placed very close to the melon (Cranford et al., 1996). Finite
element models based on computed tomography scans of delphinids
(Cranford et al., 2013) instead show that the melon serves as an
acoustic collimator. Indeed, several sound propagation simulations
have revealed how the skull and associated air sacs provide the
structural basis for the frequency-dependent directionality of
toothed whale biosonar beams and simultaneously show that the
melon may subsequently modify the shape of the biosonar beam
(Aroyan et al., 1992; Cranford et al., 2013). While part of the change
in beam width reported in our study could be explained by the effect
of biosonar frequency, variation in biosonar frequency was limited
(Table 2, Fig. 6) and changes in beam width after taking into
account the effect of frequency were significant (Fig. 6C). Such
changes could include modifying the geometry of the melon or
surrounding air sacs, changing the position of the anterior and
posterior bursae, or modifying the actuation of the phonic lips. Both
the melon and surrounding air sacs are controlled by complicated
epicranial musculature (Cranford et al., 1996; Huggenberger et al.,
2009), which probably serves to modify directionality to some
degree (Cranford et al., 2013). Similarly, the change in beam width
that has been observed in the terminal part of prey capture in harbour
porpoises also occurred without concurrent spectral changes and has
been attributed to conformational changes in the soft structures of the
nasal complex (Wisniewska et al., 2012). The extent to which the soft
tissue structures in the odontocete forehead may serve to modify
directionality defines how much echolocating animals are able to
influence their sensory volume. The increase in beam width for
Atlantic spotteddolphins exceeds 50%(Fig. 6)overa fourfolddecrease
in range, but the ranges tested do not include the very close target
distances that are attained during prey capture attempts, suggesting that
greater beam width variation is possible. In fact, trained porpoises
readily increase their half-power beam width up to 90% during
foraging buzzes (Wisniewska et al., 2015), demonstrating extensive
control over acoustic gaze during prey capture in phocoenids.
An adaptable acoustic field of viewmay allow for long-range
prey detection while facilitating prey capture at close range
Marine delphinids have probably evolved a highly directional
biosonar beam to increase the on-axis source level and thus the
detection range of possible prey items in the open ocean (Koblitz
et al., 2012;Madsen and Surlykke, 2013) and only certain species of
freshwater dolphins living in shallow river systems find prey using
a short-range, broader biosonar beam (Jensen et al., 2013). Given
the high biosonar update rate (typically 1–100 Hz) compared
with swim speed (1–5 m s−1), it is likely to be more efficient for
an echolocating toothed whale to scan a narrow beam gradually
through an environment than it is to swim a greater distance with a
shorter but wider biosonar. Blainville’s beaked whales depend on
significant head-scanning movements of up to ±10 deg at rates of
4 deg s−1 when searching for prey patches in the deep ocean
(Madsen et al., 2013a; Shaffer et al., 2013), demonstrating how a
narrow beam can be sequentially scanned through the environment
to search a greater volume of water. However, a narrow beam can be
a significant disadvantage when approaching and capturing prey
items as rapid escape behaviours at close range might take the prey
outside of the acoustic field of view of the approaching predator.
Dynamic gaze adjustments, in contrast to a static biosonar beam,
allow the approaching predator to increase the width of its field of
view during this terminal capture phase, thereby decreasing the
likelihood of prey escaping outside the biosonar beam. It is striking
that wild delphinids may have comparable gaze adjustment
behaviours to those of trained harbour porpoises (Wisniewska
et al., 2012) and echolocating vespertillionid and phyllostomid bats
(Brinkløv et al., 2011; Jakobsen and Surlykke, 2010) that all
increase their field of view when approaching objects or prey
animals. It is likely that shared eco-sensory requirements have led to
similar biosonar behaviour in bats and toothed whales to increase the
likelihood of successfully acquiring active prey using echolocation,
supporting the case of convergent evolution of echolocation behaviour
between these highly unrelated lineages.
Conclusions
Free-ranging Atlantic spotted dolphins seem to increase their beam
width independently of Fc when approaching and investigating a
recording array. This demonstrates that wild delphinids are capable
of adjusting their outgoing sonar beam independently of frequency,
probably using conformational changes of the soft tissue structures
in the melon. Bats also expand their field of viewwhen closing in on
prey, though by changing frequency rather than aperture. An
adaptable biosonar beam offers the benefits of long-range target
detection with a narrow beam, while enhancing the capacity for
tracking and capturing agile prey by increasing the field of view at
close range.
MATERIALS AND METHODS
Composite beam pattern estimation
Location
Ground-truth experimentswere conducted at the Fjord&Bælt research facility
in a net pen with a water depth of 3 m. An array of four Reson TC4034
hydrophones (Slangerup, Denmark) spaced 0.75 m apart was suspended
horizontally from a floating pontoon at a depth of 1.5 m. Hydrophones were
connected through a custom-made 4-channel amplification and filtering box
(50 dB gain, 10 kHz high-pass filter, 200 kHz low-pass filter) to two
synchronised 2-channel National Instruments (Hørsholm, Denmark) USB-
6251 analog-to-digital converters (sampling rate 500 kHz, 16 bit) writing data
to a laptop using custom-written LabView (National Instruments) sound
acquisition software.
Calibration signals
Directional signals were transmitted 7.6 m from the axis of the horizontal
array and at a depth of 1.5 m. Test signals were generated with an Agilent
Technologies 33220A arbitrary waveform generator (Hørsholm, Denmark)
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and emitted through two circular piston transducers of different diameter.
First, a 10-cycle, 50 kHz test signal was transmitted through an 18 cm
diameter Reson TC2116 transducer at a rate of 10 pulses s−1. Afterwards, a
10-cycle, 150 kHz signal was transmitted through a 12 cm diameter Reson
TC2130 transducer, also at a rate of 10 pulses s−1. In both cases, the
transducer was positioned approximately in front of hydrophone 2 and
turned gradually around the axis parallel to the axis of the hydrophone array
so that the beam slowly passed back and forth across the array. Although
depth constraints in the Fjord & Bælt facility required a horizontally
deployed array, the rotation of the transducer around the axis of the array
simulated a delphinid scanning its biosonar beam from side to side across a
vertically deployed array in the field.
Analysis
Signals were analysed in Adobe Audition 3.0 (Adobe Systems, Inc.)
and MatLab 7.0 (MathWorks, Natick, MA, USA) using the same metrics
and definitions as for delphinid clicks recorded in the field (Madsen and
Wahlberg, 2007). The highest click in each scan was assumed to be pointing
towards the axis of the array. The received level on each hydrophonewas then
calculated as a rms sound pressure level. The angle of incidence was counted
asbeingwithin the arrayaperture if the highest received levelwas foundonone
of the inner hydrophones, and the click was discarded from further analysis if
this was not the case. Subsequently, the source of the click was localised
acoustically using time-of-arrival differences (Spiesberger and Fristrup, 1990)
following previous studies (Jensen et al., 2009; Kyhn et al., 2010, 2009), after
which an initial angle of incidencewas calculated to each receiver byassuming
that the click was focused on the hydrophone with the highest received level.
Then, the theoretical on-axis amplitude and exact angle of incidence relative to
the on-axis hydrophonewere calculated by fitting a second-degree polynomial
through the three points of angle and amplitude, corresponding to the
hydrophone with the highest received level and its two neighbouring
hydrophones. The peak of the resulting polynomial located between the three
hydrophones was defined as the on-axis direction and amplitude of the
biosonar beam. Finally, the angles and received levels for all hydrophones
were calculated relative to the on-axis angle and amplitude.
Beam pattern estimation
The sonar system of bats and toothed whales is often modelled, for
mathematical simplicity, as a flat, circular piston oscillating in an infinite
baffle (Au et al., 1978; Strother and Mogus, 1970). Building on this model,
the transmission beam pattern was estimated numerically using a parametric
intensity fit. First, a waveform of an on-axis signal was identified; here, we
used the signal with the highest back-calculated source level and no apparent
reflections. This model on-axis signal was convolved with the angle-specific
impulse response of a circular piston with an EPR from 0.5 cm up to 10 cm
in 0.05 cm steps. For each step, the expected sound intensity relative to peak
on-axis sound intensity was estimated for off-axis values up to the
maximum angle of incidence recorded in the dataset, resulting in a modelled
beam pattern for each piston size. These modelled values of relative sound
intensity were compared with the estimated angle of incidence andmeasured
sound intensity recorded across all hydrophones (see Kyhn et al., 2010).
Two variants of the fitting procedure were tested. In the traditional error
model, the best-fitting EPR was estimated as the piston model minimising
the sum of squared errors between the modelled sound intensity and the
measured sound intensity values for all recorded clicks. This reflects the
method used in previous studies of odontocete beam patterns using linear
arrays (Kyhn et al., 2010, 2013, 2009; Wahlberg et al., 2011a,b). In the
logarithmic error model, the modelled and measured sound intensity values
were transformed to a decibel scale [10 log10(I/I0) where I0 is the on-axis
intensity] and the best-fitting EPR was estimated as the piston model
minimising the sum of squared errors between the log-transformed
modelled and measured sound intensity values.
Beam pattern confidence intervals
Anon-parametric bootstrapmethod (Efron, 1979)was constructed to evaluate
the variation around the beam pattern estimate. Given that on-axis clicks were
derived from different scans, on-axis clicks were assumed to be independent.
For a sample size containingN on-axis clicks, individual bootstrap replicates
were constructed by randomly sampling N clicks with replacement from the
original recorded clicks. In this way, each randomly sampled click included
the sound levels recorded across all hydrophones, meaning that this
resampling technique is similar to the resampling techniques used for
bootstrapping regression. The best-fitting EPR was calculated for each
bootstrap as described above. Bootstrap 95% confidence intervals (Efron,
1981) were calculated as the 2.5 and 97.5 percentile of the bootstrap
distribution of equivalent piston radii and were confirmed to be similar to the
confidence intervals based on a normal distribution (Efron, 1981, 1982).
Confidence intervals for final estimates were based on 2000 bootstrap
iterations to facilitate percentile confidence intervals (Manly, 1997).
Effects of sample size
We evaluated the effects of sample size on beam width estimates of original
datasets using a similar bootstrap method by randomly selecting n clicks out
of the available N clicks (sampled with replacement), where n was varied
between 2 on-axis clicks up to the total sample size (N ), in steps of two. For
each sample size, 500 bootstrap iterations were made, and the average (as
well as confidence intervals) of the estimated EPR was evaluated from the
resulting distribution as described above.
Source parameters of S. frontalis biosonar clicks
Recording habitat
Biosonar clicks of spotted dolphins were recorded under a research permit
from the Canary Islands Government granted to La Laguna University.
Recordings of Atlantic spotted dolphins (S. frontalis) were obtained in May
2008 off the west coast of Tenerife, Canary Islands, Spain. Equipment was
deployed when encountering groups of spotted dolphins. In several cases,
dolphins remained close to the boat for half an hour after the vessel had
stopped, circling and investigating the vessel and recording array throughout
the recording period.
Recording equipment
An array of six Reson TC4034 hydrophones fixed in a hollow PVC tube was
suspended vertically between a surface buoy and a 2 kg lead weight. Regular
holes in the PVC tube allowed it to fill with water when submerged. The
acoustic impedance of the PVC is fairly close to the acoustic impedance of
seawater to minimise shadowing and reflections. The top two hydrophones
were separated by 1.50 m whereas the remaining hydrophones were
separated by 0.75 m. The top and bottom hydrophones were located at
approximately 2 and 6.5 m depth. A diagram of this recording setup can be
found in Kyhn et al. (2010). Hydrophones were connected through two 4-
channel amplifier and filtering boxes (1 kHz high-pass, 200 kHz low-pass
filter, 40 dB gain) to three synchronised 2-channel National Instrument
USB-6251 multifunction devices with analog-to-digital converters running
at a sampling rate of 500 kHz, 16-bit per channel. Data were written through
USB to a Dell laptop with custom-made LabView data acquisition software.
Hydrophones were calibrated before and after the field experiments using a
Brüel & Kjær 4228 piston-phone calibrator (Nærum, Denmark). The
frequency response of the recording chain was flat (±3 dB) from 1 to
200 kHz, with a clipping level of 194 dB re. 1 µPa (peak). Data acquisition
was initiated and terminated manually, and files were stored approximately
every minute.
On-axis criteria
Sound files were analysed with custom-written scripts in MatLab 7.0. An
automated click extractor isolated echolocation clicks from each recording
and displayed the click amplitudes as a function of time. Given the
one-dimensional nature of the array, a set of on-axis criteria following
Jensen et al. (2009) was employed to minimise the amount of clicks
recorded away from the centre of the biosonar beam. A click was analysed
only if it fulfilled the following criteria: (i) the click had the highest received
level in a scan, i.e. a short series of clicks closely spaced in time and
resembling a delphinid moving its beam across the array (normally with
increasing and then decreasing signal amplitude); (ii) the highest received
level of the click was recorded on one of the four central hydrophones;
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and (iii) the direct path of the click was stronger than any surface reflections
present.
Acoustic localisation
The source of signals fulfilling these on-axis criteria was then acoustically
localised using time-of-arrival differences of the same click to the six receivers
(Wahlberg et al., 2001). The signal recorded on the third hydrophone (near
the centre of the array), excluding any surface reflections, was cross-
correlated with the signals recorded on the remaining hydrophones. The
time-of-arrival differences were then found by taking the time of the cross-
correlation peak relative to the cross-correlation peak of the first
hydrophone, so that time-of-arrival localisation (Spiesberger and Fristrup,
1990) was made with respect to the top hydrophone. An average sound
speed of 1524 m s−1 within the first 40 m water depth was measured with a
CTD (RBR Data Logger model XR-620 CTD, RBR Global, ON, Canada).
A two-dimensional acoustic localisation (rotationally symmetric around the
axis of the array) was obtained as the least-squared solution to the hyperbola
equations formed by each time-of-arrival difference and the corresponding
difference in receiver coordinates following equations in Madsen and
Wahlberg (2007). Signals that could not be localised were dismissed from
further analysis. Clicks that were localised more than 50 m away from the
array were removed from the analysis following calibration of localisation
accuracy (Kyhn et al., 2010) to ensure a localisation error of less than 3 dB in
transmission loss (Jensen et al., 2009).
Source parameter estimation
The range from the sound source to each hydrophone was calculated from
source coordinates with the Pythagorean equation. The received levels at the
hydrophones were calculated as the peak–peak and rms sound pressure
levels within a time window given by the −10 dB end points relative to the
peak of the amplitude envelope (Au, 1993; Madsen, 2005), which is
reasonable given the high signal-to-noise ratio of the on-axis clicks. The
click duration was defined as the time interval between −10 dB end points.
An energy flux density measure of click amplitudewas calculated as the sum
of squared sound pressure values within the −10 dB analysis window
(Madsen, 2005). The time between the peak of each click and the previous
click was defined as the inter-click interval (Au, 1993). Subsequently, the
click amplitude spectrum was calculated as the 3200-point discrete Fourier
transform of a 32-point window centred on the peak envelope of each signal.
The amplitude spectrumwas squared and divided by its peak value to get the
normalised power spectrum. The peak frequency, centroid frequency Fc
(defined as the frequency separating the power spectrum into two halves of
equal energy) and signal bandwidth (centralised rms bandwidth, −3 dB
power and −10 dB power bandwidth) were calculated from this power
spectrum, and the quality factor (Qrms) defined as Fc divided by the
centralised rms bandwidth (Madsen and Wahlberg, 2007). The apparent
source level, peak–peak (ASLpp) was defined as the back-calculated sound
pressure level 1 m from the source at an unknown angle from the acoustic
axis (Madsen and Wahlberg, 2007; Møhl et al., 2000) and calculated
according to previous studies (e.g. Madsen et al., 2004) by compensating for
the transmission loss between source and receiver. Transmission loss was
estimated as the sum of spherical spreading (20 log10r) and frequency-
dependent absorption (αr) over the range r, using a sound absorption
coefficient α of 0.02 dB m−1 at 85 kHz. To quantify the biosonar beam
pattern, we then restricted analysis to signals localised closer than 20 m to
ensure high localisation accuracy (s.d. of less than 2% of range) (Kyhn et al.,
2010) and we estimated the composite vertical beam pattern as described
above.
Single-click beam pattern
Biosonar clicks exhibit predictable spectral changes when recorded off the
acoustic axis (Au, 1993; Au et al., 2012; Wahlberg et al., 2011b). Here, we
used these changes to estimate the instantaneous EPR from individual clicks
using a parametric spectral fit based on a circular piston model. To do this,
we extracted the click waveform recorded on all receivers in a 32-point
window centred on the peak of the envelope. The click with the highest
received level was taken as our best measure of the true on-axis click
waveform. We estimated the corrected angle of incidence in the vertical axis
using a second-degree polynomial fit as described above, and then
calculated the angle of incidence for each receiver. Then, the expected
click waveform was modelled for all receivers over a range of simulated
circular piston apertures (EPR of 1–10 cm in steps of 0.005 cm). For each
piston aperture, the on-axis waveform was convolved with the angle-
specific impulse response of a circular piston (Eqn 1) at the angle of
incidence estimated for each receiver, and the modelled amplitude spectrum
obtained through a fast Fourier transform.
The angle-specific, far-field impulse response of a circular piston was
defined (Beedholm and Møhl, 2006) as:
hðu; tÞ ¼ 4
pT
sin cos1
2t
T
  
; ð1Þ
where:
T ¼ 2a
c
sinðuÞ;
and defined within |t|<T/2. Here, c is the sound speed of the medium, a is the
piston radius (EPR) and θ is the off-axis angle of each receiver.
As a measure of the goodness-of-fit of each piston size, we calculated the
residual sum of squared error (SSE) between the observed amplitude
spectrum and the modelled amplitude spectrum for each receiver. Finally,
the best-fitting EPR was estimated as the piston size minimising the total
SSE across receivers (Fig. 5). When calculating total SSE, only receivers
at angles between 2 and 25 deg were used to avoid potential frequency-
dependent side-lobes, but this proved to have a negligible effect on the
final fit.
The half-power beam width (HPBW) was then approximated for each
click following Zimmer et al. (2005):
HPBW ¼ 185
ka
¼ 185
EPR 2 p Fc=c0 ; ð2Þ
where 185 a constant angle, k is the wave number, Fc is the centroid
frequency of the click, and a is the radius of a circular piston, approximated
here as EPR.
The parametric fit procedure assumes that the piston is flat and circular.
Systematic deviations from this assumption might therefore confound
results. To account for this, we also estimated the instantaneous aperture size
from predictable spectral changes in biosonar signals recorded off the
acoustic axis at a known angle (Au, 1993). Clicks recorded off the acoustic
axis are expected to have interference dips in the power spectrum as a
function of off-axis angle (lower frequency for greater angles) and aperture
dimensions (lower frequency for larger aperture) (Beedholm and Møhl,
2006; Wahlberg et al., 2011b). To avoid the circular piston assumption, we
assumed only that the sound emitter was finite along the horizontal axis. For
a signal transmitted from a line array with length given by 2a (in m) recorded
at an angle θ (in deg) off the acoustic axis of the array, negative interference
will occur at a frequency where the difference in travel distance between
signals from the edge and centre of the array equals half the wavelength of
the signal. For each receiver, we calculated the one-sided amplitude
spectrum (16 points) and then extracted the frequency of the first spectral
notch (a local minimum of −1 dB or greater) occurring after the peak
frequency Fp (supplementary material Fig. S1). The EPR was then
calculated using the frequency fn of the first spectral notch, recorded at an
off-axis angle θ (estimated for each hydrophone relative to the peak of the
polynomial) in a medium with sound speed c0 (1524 m s
−1) as:
EPRnotch ¼ 0:5 c0  f 1n  sin ðuÞ1: ð3Þ
Only clicks with S/N ratio (where S is the signal intensity and N is the
noise intensity) greater than 10 dB and recorded at angles greater than 2 deg
and less than 25 deg were used for this analysis. For each individual click,
the estimated EPR was taken as the average estimate across hydrophones.
This approach yielded very similar results (supplementary material Fig. S2)
compared with the parametric fit, and results are therefore included only in
supplementary material Figs S1–S3.
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